Objective-We hypothesized that the hypoxia-inducible factor (HIF) 1α in vascular smooth muscle contributes to the development of atherosclerosis, and links intravascular pressure to this process. Approach and Results-Transverse aortic constriction was used to create high-pressure vascular segments in control, apolipoprotein E (ApoE) −/− , smooth muscle-HIF1α −/− , and ApoE −/− ×smooth muscle-HIF1α −/− double-knockout mice. Transverse aortic constriction selectively induced atherosclerosis in high-pressure vascular segments in young ApoE −/− mice on normal chow, including coronary plaques within 1 month. Concomitant deletion of HIF1α from smooth muscle significantly reduced vascular inflammation, and attenuated atherosclerosis. Conclusions-HIF1α in vascular smooth muscle plays an important role in the pathogenesis of atherosclerosis, and may provide a mechanistic link between blood pressure, vascular inflammation, and lipid deposition. (Arterioscler Thromb Vasc Biol. 2016;36:442-445. (A.D.L.). The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/
R elative hypoxia within the vessel wall has been postulated to promote atherosclerosis, although the molecular links remain unclear. 1, 2 Hypertension is an established powerful risk factor for atherosclerosis, although the mechanism of this association also remains unclear. We postulated that elevated intravascular pressure increases hypoxia-inducible factor (HIF) 1α levels in vascular SMC, inducing changes in gene expression that promote atherosclerosis. To test this hypothesis we used transverse aortic constriction (TAC) in mice, creating elevated intravascular pressures upstream of the constriction. This model allows a comparison of genetically identical vascular segments with different pressures, exposed to the same circulating cells and factors, within the same mouse.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results
TAC resulted in a >50 mm Hg gradient, as measured in right (high pressure) versus left carotids. Flow was unchanged in the ascending aorta, nonsignificantly increased in the right carotid, and significantly decreased in the left carotid ( Figure 1A ). TAC induced wall thickening, metalloproteinase activation, inflammatory cell recruitment, and profound changes in the expression of multiple genes associated with atherosclerosis, specifically in high-pressure vessel segments ( Figure 1B-1E ).
In 8-week apolipoprotein E (ApoE) −/− mice fed normal chow, TAC induced marked lipid deposition and atherosclerotic plaque formation specifically in high-pressure vascular segments within 4 weeks ( Figure 1F ; Figures I and II in the online-only Data Supplement). This included the development of coronary plaques with lipid cores, fibrous caps, and macrophage infiltration ( Figure 1G ). There were also sporadic vascular occlusions.
HIF1α was increased in the ascending aorta 24 hours post TAC ( Figure 1H ). To investigate HIF1α involvement in atherogenesis, double-knockout (DKO) mice either underwent TAC or were fed a high-fat diet (Figure 2A ). Cholesterol levels were similar in ApoE −/− and DKO mice ( Figure 2B ). The deletion of HIF1α from smooth muscle in DKO mice markedly reduced the deposition of lipid in the high-pressure vascular segments after TAC, and in mice fed a high-fat diet ( Figure 2C -2E).
Smooth muscle cells (SMCs)-HIF1α −/− and DKO mice both had reduced CD45 + cells post TAC, suggesting that loss of HIF1α from vascular SMC attenuates vascular inflammation.
The gene encoding proinflammatory protein monocyte inhibitory factor (MIF) is purportedly hypoxia responsive, 3 and deletion of MIF attenuates atherosclerosis in mice. 4 Deletion of HIF1α from vascular SMC markedly decreased MIF expression, and stabilized HIF1α increased MIF protein levels ( Figure 2H and 2I), illustrating 1 link between HIF1α and vascular recruitment of atherosclerosis-associated inflammatory cells. Lipid droplet formation has also been linked to atherosclerosis. 5 HIF1α promotes cellular lipid accumulation, 6 and we found hypoxia increased uptake of labeled low-density lipoprotein and palmitate into vascular SMC ( Figure 2J and 2K). Hypoxia-inducible protein 2 participates in lipid droplet formation, 7 and hypoxia-inducible protein 2 expression was markedly decreased in HIF1α −/− SMC, and profoundly increased in response to HIF1α ( Figure 2L and 2M), providing another potential transcriptional link between HIF1α and atherosclerosis.
Discussion
We show here that SMC HIF1α plays an important role in the genesis of atherosclerosis in ApoE −/− mice, and may provide a mechanistic link between increased intravascular pressure and both vascular inflammation and atherosclerosis. We also demonstrate SMC HIF1α regulation of 2 genes, MIF and hypoxia-inducible protein 2, that link HIF1α to the respective atherogenic processes of monocyte recruitment and cellular lipid accumulation. As an environmentally responsive transcription factor that modifies the expression of a wide array of genes, additional HIF-responsive genes linked to these processes and to plaque neovascularization likely contribute.
The use of the TAC model allows a comparison of adjacent vascular segments with different pressures in the same animal, thus internally controlling for circulating factors or marrowderived cells. SM22α-Cre also directs cardiac myocyte gene deletion, an important consideration, but we have previously reported on cardiac-specific HIF1α deletion. 8 that might contribute to our findings, and TAC-induced pressure gradients were similar for all mice studied. Furthermore, reduced atherosclerosis was also seen in the DKO mice fed a high-fat diet without TAC, suggesting that the role of SMC HIF1α in promoting atherosclerosis is not restricted to the TAC model. Oxygen content in the artery wall can be reduced by altered O 2 delivery related to flow divergence at artery bifurcations, and by changes in O 2 consumption related to vascular tone, active remodeling, inflammation, and increased wall tension associated with increased blood pressure. There are thus multiple contexts in which oxygen sensing by the HIF pathway could play an important role in the vessel wall. Our findings support such a role in atherogenesis, and suggest that HIF1α may function as part of an alternative mechanotransduction pathway that mediates responses to intravascular pressure. This work establishes transverse aortic constriction in mice as a means of inducing accelerated atherosclerosis, including coronary lesions with features of clinical coronary disease, thus providing a new and powerful model that should be widely applicable to atherosclerosis research. The work also demonstrates the profound importance of segmental arterial pressure in the development of atherosclerosis, as an independent parameter apart from flow and shear stress. This is of particular importance given the continued growth of clinical data demonstrating the importance of blood pressure in coronary heart disease and stroke. Finally, the work demonstrates that the oxygen-sensing hypoxia-inducible factor pathway in arterial smooth muscle plays a critical role in the atherosclerotic response to increased arterial pressure, providing a mechanistic link and potentially the identification of new targets for prevention and treatment.
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